We have failed to detect the presence of mannose-6-phosphate In the olgsaccharide moiety of glycoproteins from pea (Pismum stivm L. cv Burpeesn) cotyledons sing an asay system sensitive to 10 picomoles of aos6osphate. We were also unable to demonstrate any reten tion of glycosidase activity from pea seedlings and pea cotyledons on Sephaose-cpled phosphon yl receptor proteins isolted from bovine liver which were, however, able to In living cells, intracellular digestive processes carried out by hydrolytic enzymes (proteinases, glycosidases, nucleases) are spatially separated from sites ofbiosynthesis such as the ER and the cytoplasm. In animal systems this is achieved by compartmentation ofunspecific hydrolases into lysosomes (1). The search for an analogous organelle in plants subsequently revealed that vacuoles in leaves and protein bodies in cotylodons both contain the required mixed complement of hydrolakes to function efficiently as the plant lysosomes (17, 27).
thernore, althogh Sepharose-cpled phosphoannosylated hexosninidae from Dictyosteliwn was able to bind phosphonnanosyl roeptors from bovine lver we were unable to detect the retentio of any protein from acetone powder extracts of pea seedling or from endophsmic reticlum-ssted proteins of pea cotyledons.
Based on this collective evidence we conclude that a ephos phate does not appear to play a role in the t ofhydrolytic enzymes from the endoplasmic reticulum to the protein bodies in pea cotyledons.
In living cells, intracellular digestive processes carried out by hydrolytic enzymes (proteinases, glycosidases, nucleases) are spatially separated from sites ofbiosynthesis such as the ER and the cytoplasm. In animal systems this is achieved by compartmentation ofunspecific hydrolases into lysosomes (1) . The search for an analogous organelle in plants subsequently revealed that vacuoles in leaves and protein bodies in cotylodons both contain the required mixed complement of hydrolakes to function efficiently as the plant lysosomes (17, 27) .
We are currently interested in the mechanism which controls the proper routing of hydrolases from their site of synthesis into digestive organelles. Extending the analogy between lysosomes and vacuoles or protein bodies beyond the functional level, we first established that hydrolases from pea are, like their animal counterparts, glycosylated (15) . In animal systems the targeting of hydrolases from the ER to the lysosomes is mediated by mannose-6-phosphate residues attached to the oligosaccharide moiety of these enzymes and its interaction with a membranebound lectin receptor specific for mannose-6-P (9, 25) .
Based on the results from experiments designed along the lines of those used to successfully demonstrate the key role played by mannose-6-P in intracellular transport of lysosomal enzymes in animals, we conclude that a similar mechanism does not appear to be operating in pea cotyledons.
'Supported by National Science Foundation Grant PCM 82-04537. Bradford (3) with BSA as the standard. ER-associated glycosidic activity was determined with nitrophenyl substrates as described previously (15) . D. discoideum (l-N-acetylglucosaminidase (hexosaminidase) activity was measured at pH 5.0 according to Every and Ashworth (8) . One unit of hexosaminidase was defined as the amount of enzyme which catalyzed the release of 1 grmol of nitrophenol h-'.
Preparation of Membrane Fractions. Pea cotyledons were homogenized and organelle enriched fractions were obtained by differential centrifugation as described by Nagahashi and Beevers (18) . The grinding mixture was 0.5 M sucrose, 5 mM 2-mercaptoethanol, 30 mm Tris-Mes (pH 7.0), and the buffered sucrose consisted of 0.25 M sucrose, 1 mM 2-mercaptoethanol, 1 mM Tris-Mes (pH 7.0). Three centrifugations were performed 1,000g 5 min (cell wall and starch grains)-l 3,000g 15 min (mitochondrial enriched 13K pellet), and 40,000g 35 min (ER enriched 40K microsomal pellet).
The 40K pellets were rinsed once in the grinding mixture followed by centrifugation at the 40,000g force for 30 min.
The ER cistemae from the 40K pellets were resuspended in buffered sucrose and lysed osmotically using a 1:3 (v/v) dilution with 150 mM piperazine-N, N'-bis (2- Mannose-6-P Assays. This assay is a modification of the mannose-6-P assay described by Natowicz et al. (19) PMI PGI Man-6-P --Fru-6-p --Glc-6-P + NAD+ G6PDH
6-P-gluconate + NADH The reactions were allowed to go to completion by incubating at room temperature for 2 h and terminated by placing the vials on ice. Controls where PMI or mannose-6-P was omitted from the reagents were included. Mannose-6-P standards (1 nmol-10 pmol) were submitted to the entire procedure to account for the loss of mannose-6-P (approximately 20%) that occurs during hydrolysis. The reduced pyridine nucleotide produced by the conversion of mannose-6-P to 6-P-gluconate was measured using a modification of the bioluminescent assay described by Palmisano and Schwartz (23) based on the following reaction:
The light produced was measured in a Beckman LS 100 liquid scintillation counter set to noncoincidence mode, open window (0-1 mev), 0.1 min counting intervals and 0.2% preset error. Individual scintillations vials were wiped dry and the reagents were then added in the following order: (a) 0.8 ml 100 mM NaH2PO4 buffer (pH 6.9), 1 mM 2-mercaptoethanol, 20 Mm FMN, 0.1% (w/v) BSA, room temperature; (b) 0.20 ml 100 mM NaH2PO4 (pH 6.9) saturated with decanal room temperature; (c) 0.05 ml luciferase (0.5 mg ml-') in 100 mM NaH2PO4 (pH 6.9), 1 mm 2-mercaptoethanol, 0.1% (w/v) BSA, 4°C. The Affinity Chromatography. Partially purified PMH was prepared from D. discoideum secretions and coupled to Affi-Gel 10 exactly as described in (10) or to cyanogen-activated Sepharose 4B according to the manufacturer's specifications. These columns were in turn used to purify bovine liver PMR as described in (10) . The 
RESULTS AND DISCUSSION
To demonstrate the presence of mannose-6-P in the glycoproteins from developing pea cotyledons and 3-week-old seedlings or in the glycosidases associated with the ER fraction, we chose to use a highly sensitive assay for mannose-6-P based on the sequential enzymic transformation of mannose-6-P to 6-P-gluconate coupled with the measurement of the NADH thus produced with luciferase. As shown in Figure 1 , this assay gave a linear response to NADH concentrations down to 1 pmol. Also apparent in Figure 1 is the fact that mannose-6-P produced a signal only 75% as strong as molar equivalents of NADH. This loss in the strength of the signal was partly due to the fact that conversion of mannose-6-P to 6-P-gluconate was only 85 to 90% that obtained when fructose-6-P or glucose-6-P was used as the starting substrate in the enzymic transformation step. A 20% Typical standard curves for NADH using luciferase assay and for mannose-6-P using sequential enzymic transformation assay coupled with NADH detection using luciferase.
loss in mannose-6-P was also observed during acid hydrolysis and these losses were corrected for when calculating the mannose-6-P content of phosphomannosylated hexosaminidase (PMH) from D. discoideum. We obtained a value of 9 nmol of mannose-6-P per 100 jig PMH using our assay system. A value of 4.73 nmol of mannose-6-P per 100 ,ig was reported by Freeze et al. (1 1) for highly purified PMH from the same source. The omission of PMI from the assay system eliminated all response signal while pretreatment of PMH with alkaline phosphatase prior to hydrolysis and mannose-6-P determinations eliminated 90% of the signal produced by untreated PMH. However, we were unable to detect mannose-6-P in any ofthe protein samples from peas. Neither the glycoproteins from seedlings and developing cotyledons nor the glycosidases from the ER yielded detectable quantities of mannose-6-P providing preliminary indication that mannose-6-P may not serve as a targeting ligand in plant systems. It was nevertheless considered possible that our failure to detect mannose-6P in pea extracts could be attributable to a hydrolysis of the phosphate by phosphatase activities which are notoriously high in plants.
Consequently we used alternative approaches in an attempt to demonstrate the involvement of mannose-6-P in plant systems. These were (a) the release of glycosidases from membranes by mannose-6-P, specifically, and (b) the demonstration of a lectin receptor specific for phosphomannosyl residues.
In pea cotyledons, several glycosidases (a-mannosidase, hexosaminidase, a-and j%-galactosidase, and ,B-glucosidase) remain firmly bound to ER membranes following lysis of the ER cisternae by dilution of the osmoticum with Pipes-KCI buffer. A similar complement of glycosidases is also released by this treatment and presumably constitutes the luminal component present in ER cisternae. The fact that the bulk of the glycosidic activity in cotyledons is restricted to the protein bodies (27) suggests that ER-associated glycosidases are in transit, newly synthesized enzymes which have not yet reached their final destination. In animal systems, mannose-6-P residues are attached to the oligosaccharide moiety of acid hydrolases and mediate their incorporation into lysosomes upon interaction with a membranebound lectin specific for mannose-6-P (9, 25) . Subcellular fractionation ofrat liver homogenates revealed the ER to be enriched in PMR activity after measuring the binding of highly purified PMH of human origin to membranes of the various organelles (9) . It was also observed that PMR exhibited two different types of 'latency.' The first type of latency was due to the location of the PMR on the inside surface of ER cisternae. A large increase (75%) in binding activity was thus observed when the ER vesicles were first disrupted by pretreatment with saponin (9) . The second type of latency depended upon the presence of endogenous phosphomannosylated enzymes bound to PMR. Exposure of saponin-treated ER membranes to 10 mm mannose-6-P released the endogenous phosphomannosylated enzymes and subsequently increased PMR binding activity 5-to 8-fold (9, 13) . We carried out similar experiments using ER-enriched fractions from pea cotyledons and partially purified hexosaminidase from D. discoideum secretions which contains phosphomannosyl recognition markers which interact normally with PMR (1 1, 12) .
The results of an experiment designed to strip ER membranes of endogenous glycosidic activity are shown in Table I . No significant decrease in membrane-bound, ER-associated glycosidic activity was observed after exposure to mannose-6-P or the structural analogs glucose-6-P and mannose-l-P. Similar results were obtained with membranes obtained by disruption of ER cisternae by saponin instead of osmotic shock treatment. Thus, although the release of endogenous phosphomannosylated enzymes from membrane-bound PMR has been achieved successfully by several groups working with animal cells (4, 9, 13), we failed to demonstrate any mannose-6-P mediated release of glycosidases from ER membranes from pea cotyledons suggesting the absence of PMR in this tissue.
Further indication of the absence of PMR activity in the ER fraction ofpea cotyledons was provided by experiments in which we examined the binding of parially purified PMH from D. discoideum secretions to microsomal membranes. As shown in Table II , we could find no evidence of PMH binding to ER membranes even after stripping any possible endogenous hexosaminidase with mannose-6-P. Whatever slight differences we observed between treatments were due to experimental fluctuations caused by incomplete removal of PMH or nonspecific binding.
Although some animal studies indicate the presence of PMR in the ER fraction (9) , other investigations have demonstrated that addition ofthe mannose-6-P moiety to hydrolases occurs in the Golgi apparatus (16) . Thus the necessity ofphosphomannosyl receptors in the ER is questionable and it is possible that PMR activity detected in the ER of animal systems may be due to a contaminating membrane. However, we obtained results similar to those presented in Tables I and II when the same experiments were carried out with Golgi-enriched fractions prepared according to Nagahashi and Beevers (18) . It thus appears that PMR activity is absent in pea cotyledons.
Nevertheless, we sought further confirmation ofthis fact using affinity chromatography. We successfully constructed two columns with affinity toward PMH and PMR, respectively, following the procedure of Fischer et al. (9) . The PMH column, which Sepharose-bound phosphomannosyl receptor from bovine liver. One ml containing 50,000 units of PMH was applied and washed through with 25 ml buffer B followed by elution with 10 ml of buffer B containing 10 mM glucose-6-P, 10 ml mannose-1-P, and 10 mM mannose-6-P, respectively. Fractions of 5 ml (1) (2) (3) (4) (5) and I ml were collected. contained bound phosphomannosylated enzymes from D. discoideum secretions, retained a single protein from bovine liver acetone powder extracts which could be specifically eluted by mannose-6-P (results not shown). In contrast, when acetone powders were prepared from pea seedlings and treated in an identical manner to the bovine liver acetone powders for the extraction of PMR, no protein was retained. Similarly, luminal and membrane proteins from ER-enriched fractions from pea cotyledons were not retained by the PMH column.
Sepharose-bound PMR from bovine liver was highly selective for mannose-6-P as the ligand being recognized. This is shown in Figure 2 , where the elution of phosphomannosylated hexosaminidase prepared from D. discoideum could only be achieved by mannose-6-P. However, protein samples prepared from pea seedlings and pea cotyledons were not retained by the PMR column, suggesting that phosphomannosyl residues are not a component of the carbohydrate moieties of pea glycoproteins.
CONCLUSIONS
The early reactions leading to glycosylation of proteins in plants follow the same path as in animals. An oligosaccharide containing two glucosamine, nine mannose, and three glucose residues attached to a dolichol carrier is first synthesized and then transferred en bloc to a polypeptide chain (2) . The oligosaccharide is subsequently processed by removal of the terminal glucose residues and some of the mannose residues followed by addition of other sugar residues such as galactose, fucose, and Nacetylglucosamine. Our knowledge of the processing of oligosaccharides in plants is, however, very limited and most of what is known of these reactions comes from studies with animal tissue. Even less is known about the function ofthe carbohydrate moiety of glycoproteins. The diversity in structure which may be achieved through processing has led to the hypothesis that the carbohydrate moieties may act as chemical recognition markers which, upon interaction with specific membrane-bound lectins, mediate the transport of the glycoproteins from the ER to their respective organelles (21) . A wealth of evidence has recently appeared in the literature supporting a role for mannose-6-P residues found on the oligosaccharide chains in the targeting of lysosomal enzymes (25) . Given the similarities in the mechanism of synthesis of glycoproteins in animal and plant systems, and the functional analogy between vacuoles or protein bodies and lysosomes as repositories for acid hydrolases, it seemed appropriate to attempt to extend the analogy to the targeting mechanism.
Our failure to detect mannose-6-P, coupled with an inability to demonstrate binding of plant glycosidases to phosphomannosyl receptors and the lack of evidence for phosphomannosyl receptors in pea cotyledons, provides evidence that mannose-6-P does not mediate the transport of glycosidases from the ER to the protein bodies or the vacuoles.
Other studies with tunicamycin, an inhibitor of the early glycosylation reactions in animals (26) and plants (7) , yield support to our findings. Thus, the transport of the storage glycoprotein vicilin from ER to protein bodies proceeded normally in pea cotyledons when glycosylation was impaired by tunicamycin (5). Indirect evidence can be inferred from the fact that legumin, a nonglycosylated storage protein, is also transported from ER to protein bodies (5) . Similarly, in yeast, the incorporation of carboxypeptidase Y (which contains mannose-6-P residues) from ER to vacuoles was unaffected by the presence of tunicamycin (24) . Dooley and Applegarth (6) reported a lack of uptake of highly purified fungal a-glucosidase and fig a-galactosidase by cultured human skin fibroblasts, a system where uptake is dependent upon mannose-6-P residues. Finally, there is also evidence that mechanisms for the incorporation of lysosomal hydrolases independent of the phosphomannosyl recognition system are operating in some animal cells (14, 22, 28) . The function of the carbohydrate moiety of glycoproteins thus remains undetermined. It has been suggested that the oligosaccharide chains may also serve as a deterrent to proteolytic digestion (21) . The compartmentation of glycosidases into vacuoles and protein bodies where proteases are also localized certainly warrants such a role but more research is needed to confirm the validity of this hypothesis.
